Abstract: The possibility of investigating copper proteins by nuclear magnetic resonance is here treated. It is shown that the solution structure and dynamic information can be obtained on Type I Cu(II) proteins, which have a relatively short electron relaxation time (τ S = 10
INTRODUCTION
Copper is an essential element for life, and copper proteins are quite common in Nature [1, 2] . Copper in proteins may be present in two oxidation states, Cu(I) and Cu(II). As copper proteins are involved in electron-transfer processes or catalyze oxidative reactions, both oxidation states are physiologically relevant, and their NMR characterization is important to the understanding of the protein function [3, 4] .
Cu(I) is a d 10 metal ion and has no unpaired electrons. Therefore, its influence is limited to directly bound ligands. In any case, the relaxation features of nearby nuclei are not affected, and standard NMR experiments can be performed on Cu(I) proteins. The presence of the metal needs to be considered only when solution structural studies are performed, and information on the location and coordination geometry of the metal ion are needed. In most cases, they are derived by available structural data from solid state or extended X-ray absorption fine structure (EXAFS) [5] .
When the copper ion is in the oxidized state, its presence has dramatic effects on the NMR spectra [6] . Indeed, Cu(II) is a d 9 metal ion with one unpaired electron, and consequently is paramagnetic. The magnetic moment associated with this unpaired electron exerts a non-negligible effect on the NMR parameters of nearby nuclei through hyperfine coupling. This coupling between electron and nuclear spins affects both the chemical shifts and the relaxation rates of nearby nuclei. The extent of the latter effect determines the detectability of the NMR lines of these nuclei, since NMR signal linewidths, ∆ν, are proportional to the nuclear transverse relaxation rates R 2 [7] . As a consequence, a strong influence of the electron spin on nuclear relaxation can produce broad NMR lines. In favorable cases, metal substitution allowed the detailed characterization of the metal binding site [8] , but in general copper proteins have been considered for a long time not amenable for NMR spectroscopy. The 800 MHz 1 H NMR spectrum of plastocyanin, one of the best characterized blue copper proteins, is reported in Fig. 4 . It shows eight downfield and two upfield hyperfine-shifted signals, which obey Curie temperature dependence (decrease in shift with temperature increasing). Only one signal (signal E) appears to be exchangeable. All hyperfine-shifted signals are characterized by very short longitudinal and transverse nuclear relaxation times.
The general strategy for the NMR assignment of such broad resonances is based on the ability to detect NOE between nearby protons and assign them referring to a molecular model of the system investigated [42] . In some favorable cases, the assignment procedure can be simplified exploiting saturation transfer with the reduced diamagnetic species on a sample containing a 1:1 ratio of the oxidized and reduced species, as first done for amicyanin [14] . These experiments rely on the fact that the electron self-exchange rate between the two redox states in equilibrium is of the right order of magnitude to allow transfer of magnetization between a nucleus in the oxidized species and the same nucleus in the reduced species, when the former is subjected to continuous irradiation in a 1D NMR experiment. The efficiency of saturation transfer depends on the self-exchange rate between the two redox states of the protein, which, in turn, can be tuned by changing the ratio between reduced and oxidized species, temperature, pH, or ionic strength. We applied this strategy to assign all the detectable signals of plastocyanin and to locate the spectral position of NMR signals with a chemical shift of hundreds of ppm and broadened beyond detectable limits in the oxidized form, such as the signals of the Cys residue coordinated to copper [19] . For the latter, selective saturation was applied over a large spectral range (±2500 ppm) by shifting the position of the decoupler, despite the fact that no signal was observed. Indeed, if a signal broadened beyond detectable limits is present in the irradiated spectral region, saturation transfer is still operative and its effect will be maximum when the decoupler exactly matches the frequency of the broad signal. Reporting the intensity of the saturation transfer (i.e., the intensity of the signal in the diamagnetic species) vs. the chemical shift of the decoupler permits the reconstruction of the broad resonances line shape (see insets of Fig. 4) . With this approach, we first assigned the complete set of hyperfine-shifted resonances in plastocyanin (Table 1 ) [19] , followed by those of other blue copper proteins [20, 22, 23, 26] . By comparison, the assignment of several other systems has been accomplished [24, 25] . Table 1 . In the insets the far-downfield regions containing signals not observable in direct detection are shown. The positions and the linewidths of these signals in the oxidized species were obtained using saturation transfer experiments over the far-downfield region by measuring the intensity of the exchange connectivity with the corresponding signal in the reduced species and performing a Lorentzian fit to the data points [19] . Table 1 Hyperfine shifted signals corresponding to copper ligands in Cu(II) plastocyanin [19, 26] , azurin [20] , stellacyanin [20] , pseudoazurin [23] , and rusticyanin [23] . His A and His B refer to the C-and N-terminal histidine ligands, respectively. All the spectra were recorded at 800 MHz. In all blue copper proteins studied so far, the histidine signals display similar spectral features, whereas those of the resonances corresponding to the cysteine and axial ligand(s) vary among different proteins, reflecting changes in the electronic structure of the metal site. We have shown that in classic blue sites, the Cu(II)-Cys interaction depends on the axial ligand(s) strength [20] : a stronger axial ligand (such as in stellacyanin) reduces the Cu(II)-S ؒ Cys covalence, thus giving rise to a sizably smaller electron spin density on the β-CH 2 Cys protons. In a nondistorted site, the contact shifts of the β-CH 2 protons of the Cu-bound Cys is expected to follow a Karplus-like sine-squared dependent function [19, 43] . In tetragonally perturbed blue copper centers, such as those present in pseudoazurin and rusticyanin, the electron spin density on the Cys ligand is reduced when compared to plastocyanin and azurin, reflecting the different orientation of the Met residue [44] . In these, it appears that the average chemical shift of the β-CH 2 Cys relates well with the tilt of the Cu(II)-S Met conjunction with respect to the ideal plane containing the three S Cys -N His -N His atoms [23] .
INVERSE DETECTED HETERONUCLEAR NMR SPECTROSCOPY: THE STRUCTURE OF Cu(II) PLASTOCYANIN
The progresses made in the investigation of blue copper proteins led to the determination of the solution structure of Cu(II) plastocyanin from Synecchocystis sp. PCC 6803, which represents the first solution structure of a paramagnetic, oxidized copper protein [26] . This was achieved on a 15 N-labeled protein by using standard 2D and 3D heteronuclear NMR experiments that were tailored to the fast relaxing signals of nuclei in the vicinities of the metal site. The resulting structure is well defined, with an RMSD from the mean structure for the solution structure family of 0.72 ± 0.14 and 1.16 ± 0.17 Å for backbone and heavy atoms, respectively. In Table 2 , the relevant data on the structure (Protein Data Bank ID 1J5C) are reported, as well as the summary of the number and type of constraints used. The dihedral angles of the Cu-βCH 2 of the bound Cys residue were constrained between 150°and 210°according to a sine-squared dependent relation, as established from the observed contact shifts of the corresponding resonances [19] . The observation of the large hyperfine contact shifts on signals A-F allowed us to impose also four experimentally validated coordination bond constraints.
For structure refinement relaxation, rate-derived upper distance limits were used. These were obtained by measuring the difference in nuclear longitudinal relaxation rate in the oxidized form with respect to the reduced one. This difference can indeed be related to metal-nucleus distance according to the Solomon equation [7] , taking into account the possible contribution of other relaxation mechansims * :
where γ I is the nuclear gyromagnetic ratio, g e is the free electron g factor, S is the quantum number associated to the electron spin, r is the electron-nucleus distance, ω I and ω S are the Larmor frequencies of the nucleus and of the electron, respectively, and τ c is the effective correlation time for the dipole-dipole interaction (1/τ c = 1/τ s + 1/τ M + 1/τ r , where τ s is the electronic correlation time, τ M is the exchange correlation time and τ r is the rotational correlation time) and the other symbols have they usual meaning. The paramagnetic contribution to the proton relaxation rate was extracted from the data by subtracting the diamagnetic component from the observed R 1 . The diamagnetic contribution was estimated considering the average of all the relaxation rates relative to protons located far away from the copper ion. The distance between the copper ion and each proton for which the paramagnetic relaxation rate could be determined was established using a structure calculated without these constraints. A plot of 
that distances vs. the 1/6 square of the relaxation times allowed the identification of a region of points delimited by two straight lines passing through the origin. The two limiting values for the slopes were then used to set the lower and upper distance limits for each proton [26] . The availability of the refined structure allowed the comparison with the solution structure of the reduced form [45] , revealing no significant structural changes in the protein upon the redox process. Analysis of the 1 H and 15 N chemical shift changes in this region indicates that minor conformational rearrangement may occur between the two redox states.
Mobility studies were then performed on both reduced and oxidized plastocyanin [45] . This comparison confirmed that plastocyanin is a rigid molecule in both redox states, in the sub-millisecond time scale, consistent with a β-barrel structure. On the other hand, in the milliseconds and longer time scales, it shows significant protein flexibility on the loops connecting the β-strands, region that contains three (the Cys and the two His) of the four copper ligands.
DIRECT DETECTED HETERONUCLEAR NMR SPECTROSCOPY: THE STRUCTURE OF Cu(II) CopC
In the previous section we have shown how it is possible to obtain a wealth of structural and dynamical information on Type I Cu(II)-protein. However, when going to proteins containing Type II copper the electronic relaxation times of the metal ion are as such that the proton signals of residues close to the paramagnetic center become broad beyond detectable limit. This effect limits considerably the applicability of 1 H NMR spectroscopy and prompted us in exploring less conventional NMR approaches involving heteronuclei for the investigation of these challenging systems. Carbon-13 direct detection offers advantages in paramagnetic systems as the dipolar contributions to nuclear relaxation depend on the square of the gyromagnetic ratio of the observed nucleus and going from 1 H to 13 C detection a decrease in relaxation rates of a factor of about 16 occurs. Of course, there is a concomitant reduction in sensitivity, but this limitation can be overcome with the use of high field spectrometers as well as hardware specifically designed for heteronuclear observation [46] [47] [48] . Several applications of 13 C direct detection to macromolecules have recently appeared in the literature [46, [49] [50] [51] [52] [53] [54] [55] . Two-dimensional 13 C- 13 C correlation experiments have been used to detect resonances in paramagnetic systems of nuclei at distances from the metal ion where the 1 H resonances were broadened beyond detectable limits [49, [51] [52] [53] [54] . It has been used also to detect and assign side chain correlations in an octameric protein [55] that, having a large molecular mass, suffers from similar problems of fast nuclear relaxation as paramagnetic systems do. We have extended this approach to obtain the solution structure of Cu(II) CopC from Pseudomonas syringae [56] , a periplasmic protein capable of binding Cu(I) and Cu(II) at two different sites and involved in copper trafficking and homeostasis in gram-negative bacteria (Fig. 5) [57, 58] .
The structure of the apo- [59] and of the Cu(I)-forms [60] of this protein have been solved by us recently, but when standard experiments based on 1 H detection are performed on Cu(II)CopC, resonances of almost all the residues within about 11 Å from the potential copper binding site disappear (Fig. 5) [59] . Another set of signals from residues in the borderline region are still detectable in standard spectra, but they experience variable broadening that makes it difficult to assign them using standard triple-resonance NMR protocols [59] .
Our first concern was the identification of broad signals underneath diamagnetic signals. Several saturation-recovery spectra obtained with increasing recovery delays clearly show a small number of signals that recover much faster than all the others (Fig. 6A) . The selectivity of these experiments is further improved by appropriate linear combination of two 1D experiments recorded with different recovery delays. In this way, it is possible to further suppress slower relaxing signals, enhancing the detection of the fast-relaxing ones (Fig. 6B) . Acquiring 13 C-13 C CT-COSY experiments with different CT delays (Figs. 7A,B) , optimized either to detect Cα-Cβ connectivities or Cα-CO backbone connectivities, 13 C-13 C COCAMQ and 13 C-15 N CONSQC (Fig. 7C ) experiments, 37 13 C and 11 15 N nuclei not detected in standard experiments were identified and assigned. In total, about 85 % of carbon atoms and 95 % of nitrogen atoms were assigned, representing a substantial increase with respect to the standard approach (limited to 76 % and 83 %, respectively). Only 3 residues remained unidentified. These residues are thus likely to be the Cu(II) ligands, that are expected to experience large Fermi contact contribution to the relaxation rates that makes them broad beyond detectable limits.
The 2D and 3D NOESY spectra provide 1777 NOEs which correspond to 1276 meaningful 1 H-1 H distances. Additional constraints were provided by 145 dihedral angles and 27 hydrogen bonds. Paramagnetism-based constraints were constituted by 23 metal-heteronucleus distances, obtained from longitudinal 13 C relaxation rates, and by 83 proton pseudocontact shifts. All these constraints were used in the program PSEUDYANA [61] to calculate the solution structure of the Cu(II)-CopC protein. The target function is 0.56 ± 0.07 Å 2 and the RMSD to the mean is 1.07 ± 0.27 Å and 1.58 ± 0.32 Å for backbone and all heavy atoms, respectively. The RMSD of the copper ion, which is only determined by the paramagnetism based constraints is 1.1 Å, demonstrating that 13 C longitudinal relaxation rates are very efficient in determining the position of the copper ion in the protein frame.
PERSPECTIVES
In the recent years the technological efforts in the field of NMR hardware development were devoted at increasing the sensitivity of proton-detected experiments. Indeed, almost all the heteronuclear experiments in structure determination protocols are based on reverse detection schemes, to exploit the larger proton sensitivity. On the other hand, these experiments suffer from proton transverse relaxation during the coherence transfer steps, and their application is limited by the nuclear relaxation properties of the system investigated. Most of the NMR experiments, however, could be performed using direct heteronuclear excitation and detection without involving protons at any place in the sequence. From the results presented, there is evidence that if the loss in sensitivity on passing from the proton to the heteronuclear scheme can be balanced by improved hardware performances, then the increase in detectability of signals close to the paramagnetic center is significant.
The presented approach, based on scalar-transfer based experiments, has a limit. Indeed, coherence transfer mechanisms become less effective as the linewidths of the signals approach the value of the scalar coupling constant used for the transfer. In case of one-bond carbon-carbon couplings, the 1 J CC is fairly large (35-55 Hz), but it is evident that the paramagnetic R 2 contributions can easily overcome this range. This means that to detect significantly broad signals, alternative experimental schemes should be used. From Fig. 1 , it is evident that the paramagnetic contribution to relaxation is much less effective on longitudinal rates compared to transverse rates. Therefore, experiments in which magnetization is stored along the z axis should be affected to a minor extent by paramagnetic relaxation. This is the case of 13 C-13 C NOESY experiments [62] , which promise to become the choice experiment for the assignment of paramagnetic systems [47] .
As it appear in Fig. 7 , a pressing problem in 2D 13 C-13 C direct detection experiments is the large amount of carbon-carbon coupling constants that complicate the spectra. Indeed, the 35-55 Hz coupling constants are responsible for doublets or more complicated multiplet structures that dramatically reduce the effective resolution of the spectra. This becomes a severe drawback if we want to use 13 C spectroscopy to detect broad signals in crowded regions of the spectra such as it occurs for large molecules and for paramagnetic systems characterized by small hyperfine shifts such as Cu(II)-proteins. Band-selective homodecoupling can in part solve the problem making it possible to decouple CO from Cα (and Cβ eventually) resonances and vice versa, or to decouple the aliphatic carbons signals from carbonyl signals. This is sufficient to quench all the relevant carbon-carbon couplings in the 13 C-13 C COCAMQ spectrum and contributes a significant to essential simplification of the spectra in the aliphatic region [47] . This is a valid alternative to other available tools to quench such coupling [63] .
CONCLUDING REMARKS
The characterization of proteins in solution through NMR provides a wealth of information, including protein mobility, factors affecting stability and the fold-unfold process and ultimately, the solution I. BERTINI AND R. PIERATTELLI structure. Technological advances in NMR instrumentation, including the development of the methodological tools, are extending the number of proteins that can be characterized through NMR spectroscopy. After the successful determination of the solution structure of the Cu(II) CopC from Pseudomonas syringae [56] , it is apparent that the methods and the results typical of diamagnetic proteins can be obtained also for paramagnetic Cu(II) proteins. In addition, the presence of the paramagnetic center can be exploited to obtain information on the electronic properties of the system through analysis of contact and pseudocontact shifts, as well as nuclear relaxation parameters [64] . The very same parameters can be exploited to set structural constraints, essential for defining the details of the structure around the active center without any geometrical assumption derived from other techniques.
This technological and methodological challenge represented by the "protonless" approach may lead to a breakthrough in the application of NMR spectroscopy to paramagnetic proteins but, most important, to all the systems that suffers from fast transverse relaxation such as large molecular mass proteins and protein-protein adducts.
